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Abstract 
Mode I fatigue crack growth at load levels close to the threshold is studied with the aim of improving the understanding of the 
fatigue properties. We also aim at identifying a suitable damage evolution law for large-scale simulation of built-up structures. A 
fatigue test rig is designed where up to six specimens are tested simultaneously. Each specimen is evaluated separately indicating 
the specimen-to-specimen variation in fatigue properties. A rubber-based and a PUR-based adhesive are tested. The two 
adhesives represent adhesives with very different material properties; the rubber adhesive is a stiff structural adhesive and the 
PUR adhesive is a soft modular adhesive. The experiments are first evaluated using a traditional Paris’ law approach. Inspired by
an existing damage evolution law, a modified damage evolution law is developed based on only three parameters. The law is 
implemented as a user material in Abaqus and the parameters are identified. The results from simulations show a very good 
ability to reproduce the experimental data. With this model of fatigue damage, a zone of damage evolves at the crack tip. The 
extension of this zone depends on the stiffness of the adherends; stiffer adherends leads to a larger damage zone. This means that 
the rate of crack growth depends on the stiffness of the adherends. Thus, not only the state at the crack tip governs the rate of 
crack growth. This is in contrast to the results of a model based on Paris’ law where only the state at the crack tip, through the 
energy release rate, governs the rate of crack growth. This indicates that the threshold value of the energy release rate may 
depend on the stiffness of the adherends. 
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Nomenclature  
ܽ, ܽ୤୧୲   Crack length, fitted crack length 
ߙ, ߚ  Damage law parameters  
ܣଵ,ܣଶǡ ܣଷ, ܣସ Regression parameters 
ܾǡ ݄ǡ ܮǡ ݐ  Specimen dimensions according to Fig. 1 
ܥ  Compliance 
ܦ  Damage variable
ܨǡ ȟ   Applied load, load point displacement 
ܩ, ܩ୲୦   Energy release rate, threshold value in energy release rate 
ܰ  Elapsed number of cycles 
݌,ݍ  Compliance calibration parameters 
ܴ  Load ratio 
ߪǡ ߪ୲୦  Peel stress, fatigue threshold value in stress 
1. Introduction 
Mechanical components are frequently subjected to repeated loads which often results in macroscopic cracks due 
to fatigue. Fatigue is often identified as the most common reason for failure of mechanical components. Since 
adhesives become more frequently used in automotive structures, the fatigue behavior of adhesives are of obvious 
importance. Pascoe et al. (2013) provide a recent critical overview of methods to predict fatigue crack growth of 
adhesives. They stress the need for more physics based approaches focusing on the mechanisms involved in the 
fatigue process. In this work, the Mode I fatigue behavior is studied for two adhesives having different layer 
thicknesses; the rubber based adhesive DOW BetaMate5096 (BM5096) having a nominal layer thickness of 0.3 mm 
and the polyurethane (PUR) based adhesive DOW BetaForce2850 (BF2850) having a nominal layer thickness of 1.0 
mm. The two adhesives represent adhesives with very different material properties. The rubber adhesive is by 
comparison a stiff structural adhesive and the PUR adhesive is a soft modular adhesive. The adhesives are evaluated 
using the double cantilever beam (DCB) specimen (Fig. 1) loaded with a controlled displacement resulting in an 
initial load ratio ofܴ ൌ ͲǤͳ. The aim with the experiments is to identify fatigue parameters to be implemented in a 
finite element based damage law.  
 
 
Fig.1. Deformed DCB test specimen with out of plane width b. 
 
The structure of this paper is composed so that the methodology of the work is first shortly described. Then the 
experimental set-ups are briefly described and the experimental results are presented. This is followed by the results 
from the evaluation. The paper ends with discussions and conclusions.  
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2. Methodology  
Two different approaches are used to characterize the loading and fatigue fracture of adhesive layers. One 
approach is Paris’ law combined with the energy release rate (ERR), G, to describe crack growth. The other 
approach is a damage growth law combined with a constitutive relation that describes the degradation of the 
adhesive material. For a linear elastic specimen with a single crack tip loaded with a prescribed loadܨ, ܩ is given by 
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cf. Irwing and Kies (1964). The width of the specimen is denoted b and ܥȀܽ denotes the rate of change in the 
compliance ܥ ൌ ȟȀܨ  with respect to the crack length ܽ . The separation of the loading points is denoted ȟ . 
Experiments are used to determine how C varies with a. As suggested by Berry (1963), a power law is used to 
describe the relation 
 
qpaC             (2) 
 
from which the parameters ݌and ݍ are obtained from linear regression of ܥ vs. ܽ in a log-log plot. This relation is 
used in the fatigue experiments to determine the crack length 
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Substituting ܥȀܽ derived from Eq. (3) in Eq. (1) gives the relation for G used in the evaluation of the experiments  
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Fatigue experiments of adhesively bonded DCB specimens are performed in whichܨ, ȟand the number of elapsed 
cycles ܰ are measured. The maximum values of the force and the ERR in each load cycle are in the sequel denoted 
F and G, respectively. Using Eqs. (3) and (4), G vs. a is evaluated for each experiment. These relations are used to 
evaluate the parameters c and n of Paris’ law  
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This means that experimental ܽ vs. ܰ relationships need to be differentiated. To this end, a third order regression 
analysis is used to fit the experimental results in a log-log plot. This result in 
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This relation is used to determine ܽȀܰ. The parameters ܿ  and ݊  are determined by adapting Eq. (5) to the 
experimental data. Damage mechanics is used as an alternative method in the evaluation of the experiments. The 
governing equations consist of a constitutive relation between stress, deformation and damage, together with a 
damage evolution law. The constitutive relation is given by 
 
wkD n)1(  V           (7) 
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where kn is the elastic stiffness of the adhesive layer. The following damage evolution law is suggested as an 
alternative to the law suggested by Graner et al. (2010).  
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The symbols D, V and w in Eqs. (7) and (8) should be interpreted as the maximum values of the variables in each 
load cycle. The law contains three material parametersߙ, E and Vth. The damage laws are implemented as a user-
material subroutine (UMAT) in Abaqus. The UMAT is used with the cohesive elements provided by Abaqus to 
simulate the experiments. The model does only consider damage in peel loading. In the numerical evaluation, the 
variable N is used as the time variable in the FE-program. This is sometimes denoted a pseudo-time.  
3. Experiments, results and parameter identification 
Specimens are manufactured according to the dimensions in Table 1. Due to its softness, the PUR adhesive has a 
larger process zone and thus requires a larger specimen than the rubber adhesive. By repeated experiments, the static 
stress-deformation relations are first determined for each adhesive. For the rubber adhesive, the method of 
Andersson and Stigh (2004) is used; for the PUR adhesive, the method of Tamuzs et al. (2004) is used. Figure 1 
shows the results and a representative stress-deformation relationship is shown by the thick red lines. The slope of 
the elastic stiffness ݇୬ is indicated with thin red curves.  
   
Fig. 1. Stress-deformation relations. (a) Rubber adhesive; (b) PUR adhesive. 
 
For each adhesive, two specimens are used for the compliance calibrations. A thin saw blade is used to extend the 
crack between each measurement of the compliance. The specimens are modestly loaded to remain elastic during 
the procedure. From this procedure, it should be noted that the compliance calibrations only accounts for a virgin 
state of the adhesive. That is, no damage is present in the adhesive layer and the crack cannot be considered as 
sharp.   
Table 1. Specimen dimensions according to Fig. 1. Units in mm. Here ܽ denotes the initial, un-propagated, crack length. 
Adhesive a b L h t  
Rubber 75 10.1 250 6.6 0.3 
PUR 130 10.4 300 10.4 1.0 
 
A fatigue test rig is developed consisting of a solid bar with six individual loads cells. The rig is mounted in a servo 
hydraulic tensile test machine and the rig allows for testing of up to six specimens simultaneously. The experiments 
are displacements controlled with the initial value ܴ ൌ ܨ୫୧୬Ȁܨ୫ୟ୶ ൌ ͲǤͳ. The experiments are performed at 4 Hz for 
up to three million load cycles. Experimental results of the load history are shown in Fig. 2. Using the experimental 
results in Fig. 2, the crack length is evaluated by Eq. (3) and the results are shown in Fig. 3. With ܩ evaluated from 
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Eq. (4) the load histories are shown in Fig. 4. In Figs. 2 to 4, representative results are shown by solid red lines. The 
parameter identification is based on the representative curves. 
  
Fig. 2. Experimental data and simulations of ܨ vs. ܰ. (a) Rubber adhesive; (b) PUR adhesive. Black curves are 
experimental results, red curves are representative experimental curves and green, dashed, curves are results from 
simulations. 
 
  
Fig. 3. Evaluated ܽ vs. ܰ. (a) Rubber adhesive; (b) PUR adhesive. Black curves are experimental results and red 
curves are representative experimental curves. 
  
Fig. 4. Evaluated G vs. N. (a) Rubber adhesive; (b) PUR adhesive. Black curves are experimental results and red 
curves are representative experimental curves. 
 
From Fig. 4 it is shown that both G and the rate of change in G are continuously decreasing with respect to the 
number of load cycles. This is reflected in Fig. 3 where the rate of crack propagation is less than 1 nm/cycle at the 
end of the experiments. Thus, the end value of G is used as an engineering estimate of the threshold value ܩ୲୦ for 
fatigue crack growth. The corresponding threshold value in stress ߪ୲୦ is determined as the value of stress 
corresponding to the point whereܩ ൌ ܩ୲୦.The parameters ߙ and ߚin Eq. (8) are determined by fitting results from 
numerical simulations to the experimental results in a log-log plot of ܽȀܰ vs. ܩ. For this, simulations of the DCB 
specimen are performed with a prescribed bending moment. In this case 
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is constant during the simulation. Young’s modulus of the adherends is denoted E. By simulating different 
magnitudes in the bending moment, the slope of a log-log plot of ܽȀܰ vs. ܩ is compared to the experimental 
results. It should be noted that the slope in a log-log plot of ܽȀܰ vs. ܩ  is not constant during a simulation. 
However the part corresponding to about half a million cycles up to three million cycles is linear in a log-log plot. 
The parameter ߚ and ߙ principally determines the slope and the vertical position respectively of this relationship. 
The parameter ߚ is first adapted to get a good agreement in the slope of the plot. Then the parameterߙ is adjusted to 
get agreement in the vertical position.  
Table 2. Parameters obtained by evaluation. 
Adhesive ܿ 
[ ଵୡ୷ୡ୪ୣ] 
݊   
[-] 
ߙ
[ ୫ୡ୷ୡ୪ୣξ୫୔ୟ] 
ߚ 
[-] 
ߪ୲୦  
[MPa] 
ܩ୲୦ 
[N m-1] 
݇௡
[GN m-3] 
Rubber 3.9ή10-23 7.7 9.0ή10-6 8.0  11.4 50 4500 
PUR 3.82ή10-29 7.8  1.42ή10-6 46.3 8.4 345 324 
 
The determined material parametersߙ, ߚ and ߪ୲୦ are used to simulate the representative experiments in Fig 2. 
The approach for parameter identification provides a rough estimation of the parameters and the parameters are 
therefore fine-tuned in order to get a good agreement with the experimental results. The fine-tuned parameters are 
given in Table 2. The simulation with the tuned parameters fits well with experimental results. The resulting load 
history obtained by simulations is given by the green dashed curve in Fig. 2. The procedure gives a good agreement 
between the experimental and the simulated results.  
4. Conclusions and discussions 
Mode I fatigue properties of a rubber adhesive and a PUR adhesive are determined. Two different approaches are 
used: Fracture mechanics using Paris’ law and damage mechanics with a damage evolution law. While Paris’ law 
provides simpler parameter estimation, it is believed that the local modelling of fatigue damage using damage 
mechanics provides a more physical model of the fatigue properties. 
The damage law is implemented as a UMAT in Abaqus. Simulations show good agreement with the experimental 
results. Despite the good agreement it should be noted that the derived parameters only represents an adhesive layer 
having one layer thickness, loaded in peel, and having the same load ratio and maximum load level as is 
experimentally tested. This implies that more research has to be performed in order to simulate an arbitrary peel 
loading. 
It is also noted that the experimental results contain substantial scatter for the rubber based adhesive. Thus, a large 
number of repeated experiments are necessary to give useful data and properties. 
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